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A treatment to reduce the dielectric constant of plasma enhanced chemical vapor deposition 
(PHCVD) films is presented. The method involved extracting low molecular weight or C() 2 soluble 
species in the films by post deposition supercritical C0 2 pressmization (SCCG2). We observed a 
decrease in k value of about 10%- 14% in a composite film of organosilicate and a-C:F after 
SCCG2 treatment at 200 "C for 8 h. The composite films were deposited by PECVD using C 4 F 8 and 
tetravinyltetramethylcyclotetrasiloxane (TVTMCTS) liquid source and H 2 carrier gas at room 
temperature. As-deposited films were also annealed at 200 °C for 8 h in N 2 atmosphere to compare 
the effect of thermal annealing without SCC02 treatment. The result shows that there is no change 
in the k of the films after annealing. Thus, SCCD2 extraction is a good method for reducing the 
dielectric constant of these PHCVD composite films. Supercritical C0 2 press urizalion of the film 
deposited using TVTMCTS and H 2 only without the addition of C 4 F 8 has no effect on the dielectric 
properties of the film while SCC02 treatment of <?-C:F samples deposited using C 4 F 8 only 
dissolved the film. Therefore, in the composite film, we expect that CF X species dissolve during 
SCC02 treatment while the organosilicate structure is preserved. Analysis of the Fourier-transform 
infrared spectra of the samples supports this hypothesis based on the decrease in the C-F absorption 
intensity after SCC02 treatment. © 2002 American Institute of Physics. 
[DOT: 10.1063/1.1525390] 



The need for low-A: films for new generation interlevel 
and intermetal dielectrics in ultralargc scale integration de- 
vices has led to various preparation and treatment 
methods. 1 " The spin coating technique is most promising 
since materials with k less than 2.0 can be produced. 2,3 For 
example, researchers can engineer the porosity of spin-on 
silica through ageing to obtain a k value ranging from 1.1 to 
4.O. 1,2 However, there remain tough issues to be solved like 
shrinkage and high etch rates for cylindrical molecular pump 
process. 2 Thus, for films with £<2.0, there is still no known 
manufacturable solution as reported by the International 
Technology Roadmap for Semiconductors in 2001. In this 
letter we present a method of reducing the dielectric constant 
by supercritical CO- pressurization (SCC02) of plasma en- 
hanced chemical vapor deposition (PHCVD) films. 

The goal of this method is to create nanopores in the 
films by extracting unbonded and loosely bonded low mo- 
lecular weight and C0 2 soluble species by SCC02 treatment. 
This is similar to removing CH X in dual phased SiCOH and 
organic film through thermal annealing, thus creating voids 
and, hence, low k. 4 At temperatures and pressures greater 
than 31 °C and 1050 psi, respectively, C0 2 becomes super- 
critical and acts like a liquid solvent. The solvent-like prop- 
erty of SCC02 with a mixture of cosolvent has been used by 
Los Alamos National Laboratory to successfully remove 
photoresist and it produced virtually no hazardous wastes.^ 
Several groups of researchers have studied the solubility of 
polymers in SCC02. 6 ~ H High molecular weight species are 
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generally insoluble in C0 2 unless there are strong specific 
interactions between the C0 2 and the polymer. For example, 
high molecular weight perfluoropolymers, 12 hydrouTiorocar- 
bon polymers, 13 and chlorofluorocarbon polymers 11 have 
been found to be soluble in C0 2 . On the other hand, oligo- 
mers and low molecular weight compounds are often 
soluble, especially those containing C() 2 ~philic groups, such 
as siloxanes and perfluoro groups. 14 We have performed 
snidies of the effect of SCC02 treatment on PECVD depos- 
ited fluorocarbon (cz-C:F) films using C 4 F a gas. The films 
dissolved in SCC02. 

In a previous article, 15 we investigated low-£ organosili- 
cate films using a liquid source, tetravinyltetramethylcy- 
clotetrasiioxane (TVTMCTS). This source has an open struc- 
ture and we have succeeded in preserving the ring structure 
after plasma polymerization using PECVD. The result is a 
film with a relatively low density and k of 2.65 to 2.92 and 
thermal stability up to 400 °C. More importantly, these films 
were stable after C0 2 pressurization up to 9000 psi and pres- 
surization temperatures up to 200 °C. These stable properties 
make this film a good matrix from which C0 2 soluble spe- 
cies can be extracted. The methodology of the present study 
is as follows; A composite film is deposited mainly of 
TVTMCTS organosilicate film and of low molecular weight 
a-C:F loosely bonded or unbonded to the organosilicate 
main structure. Since a-C:F film dissolved with pressuriza- 
tion, we speculated that a-C:F incorporation and removal by 
SCC02 would create nano or molecular scale porosity with- 
out adversely affecting the mechanical integrity or thermal 
stability of the matrix. Ib facilitate this experiment, C 4 F 8 gas 
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TABLE I. Deposition conditions. 
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is mixed in the TVTMCTS and H 2 plasma. The composite 
film is then exposed to post deposition SCCG2 treatment. 

The organosilicate and a-C:F composite films with 
thickness of 0.75-1.75 //m were deposited on p-type Si 
(0.008-0.02 and 40-60 flcm resistivities) and quartz sub- 
strates in a capacitively coupled, 13.56 MHz PECVD sys- 
tem. As stated earlier, we used TVTMCTS liquid source with 
H 2 as carrier gas to deposit the organosilicate film and added 
C 4 F 8 gas in the plasma to fabricate a composite film. The 
experimental conditions for five films that will be used for 
analysis throughout this letter are listed in Table I. The rf 
power was kept as low as possible to prevent the ring struc- 
ture of the TVTMCTS source from breaking since the rings 
provide an open structure and is the main reason for low k in 
the TVTMCTS films 4 All films were deposited at RT and the 
C 4 F 8 flow rate was varied to obtain films with different CF V 
concentrations. A film with conditions similar to film 2 but 
without C 4 F 8 gas was also fabricated for comparison (film 
4). Film 5 is an a-C:F film and was used to show the solu- 
bility of <7-C:F in SCC02. 

The SCC02 extraction process was performed as fol- 
lows; The as-deposited films (about 2x2 cm dimension) 
were placed inside a small cylindrical stainless steel pressure 
chamber with inner diameter of 2.5 cm, outer diameter of 
10,2 cm, and depth of 12.7 cm. The ambient air was then 
pumped out for several minutes using a roughing pump. The 
chamber temperature was then ramped slowly to achieve the 
desired pressurization temperature of 200 °C. The chamber 
was subsequently pressurized isothermally with C0 2 
(99.99%) using a gas booster pump (Haskel) driven by air at 
70 psi. The pressure of the chamber was then maintained at 
8650 psi for 8 h. After the extraction was completed, the 
vessel was depressurized to 500 psi and the temperature was 
ramped down to RT. Depressurization was completed at RT 

In addition to the SCCQ2 extraction studies, we com- 
pared SCC02 treated and thermally annealed films. Anneal- 



TABLE II. Effect of SCCQ2 at 8650 psi, 200 °C, 8 h. 
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FIG. I. FTIR spectra of as-deposited and SCCG2 a-C:F film. 

ing without SCC02 was done in a vacuum chamber in N 2 
atmosphere for 8 h at 600 mTorr. 

Measurements of Fourier-transform infrared spectros- 
copy (FTIR), thickness, and k were performed for as- 
deposited, and SCC02 treated samples, fhe FTIR spectra 
were measured using a Perkin -Elmer model 1 600 spectrom- 
eter. The capacitance of the film was measured at 10 kHz. 

Table II shows the effect of SCC02 treatment on the 
thickness and dielectric constant for films 1-4 listed in Table 
I. The dielectric constants of the composite films after C0 2 
extraction at 8650 psi at 200 °C for 8 h were reduced by 
10%- 14%. As a comparison, when the films (fresh set of 
films 1-4) were only annealed at 200 °C for 8 h in N 2 , we 
observed no significant change in either k or thickness. How- 
ever, the k and thickness of film 4 deposited without C 4 F 8 
were unchanged in both treatments. Thus, the supercritical 
COo pressurization treatment is a good method to reduce the 
k value of the composite films. 

The ability of SCC02 lo dissolve c7-C:F films is demon- 
strated by comparing the FTTR spectra of an a-C:¥ film (film 
5 in Table I), as-deposited and after subsequent SCC02 treat- 
ment as shown in Fig. 1. The broad absorption band from 
400 to 1400 cm" 1 is typical of a soft, highly disordered, and 
low crosslinked <r/-C:F polymer film. After the film was pres- 
surized at 2500 psi and 200 °C for 10 h, the C-F absorption 
band intensity is almost negligible as seen in Fig. 1. Initially, 
the as-deposited film had a thickness of about 1 /xm and it 
decreased significantly after SCCG2. Thus, SCCQ2 dis- 
solved the a~C:F film. However, a-C:F films deposited with 
the same conditions but at higher temperatures did not dis- 
solve in SCC02 presumably because of higher crosslinking 
density. The addition of gases like IF in C 4 F 8 during depo- 
sition also produced a highly crosslinked a-C;V films that 
have higher resistance to SCC02 treatment. 

The FUR spectra of organosilicate films deposited with 
and without C 4 F 8 incorporation (films 2 and 4) are shown in 
Fig. 2. We have attributed in detail the absorption bands of 
the organosilicate film without C 4 F 8 in a previous article. 1 ^ 
In summary, the broadband around 945-1220 cm" 1 consists 
of Si— O in linear (1010 cm ] ) and ring (1065 cm" 1 ) con- 
figurations. Other bands present are Si-O heTld (790 cm -1 ), 
Si-CH 3 (1265 cm" 1 ), and CII group (2800-3000 cm" 1 ), 
The addition of lluorocarbon in the film gives rise to a Si-F 
band centered at 900 cm™ 1 . In addition, the hand around 
945-1220 cm" 1 attributed to Si-O in the TVTMCTS spec- 
trum becomes broad and extended to the frequency range of 
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FIG. 2. Comparison of as-deposited organosol icatc and composite film spec- 
tra. 

1 250 cm \ In fact the FWHM of this band increased from 
395 to 474 cm" 1 . Comparing Figs. 1 and 2, the Si-O absorp- 
tion band for the TVTMCTS film observed at 945-1220 
cm 1 is found to overlap with the C— F bands for <?-C:F film 
at 600-1400 cm -1 (Fig 1). Thus, the increase in full width 
at half maximum of the Si-O band for the composite film is 
due to additional C-F bands along with the Si-O (linear) 
and Si-O (ring) bonds at the high wave number side. As can 
be observed from Fig. 2, it is clear that the Si-O and 
Si— CH 3 absorption intensities were reduced significantly 
with C 4 F 8 addition. Further inspection shows that the CH 
group also reduced. Thus, incorporation of CF species ad- 
versely affects the robust structure of the organosilicatc films 
by breaking Si-O (rings and chains) and replacing O and 
CH 3 bonded to Si with F. Breaking of Si-O rings and lower 
Si-CH 3 bond concentration is expected to enhance the film 
density and, hence, increase the dielectric constants. The ad- 
dition of F to the Si02 structure (i.e., formation of Si-F) is 
normally expected to decrease the dielectric constant, but the 
contrary is observed here. For the same deposition condi- 
tions, the addition of C 4 F 8 increases the k for TVTMCTS 
film from 2.71 (film 4) to 3.82 (film 2). In our previous 
article, we claimed that the main reason for the decrease in k 
in the TVTMCTS organosilicatc film is the open structure 
provided by the TVTMCTS and the robust methyl groups 
resulting in a less dense film. 15 For the composite film stud- 
ied here, we speculate that the expected decrease in k con- 
tributed by the addition of Si-F was offset by the increase in 
k due to the large reduction in the Si-O ring structures and 
Si-CH 3 concentration. However, as more C 4 F 8 is added in 
the case of film 1 the dielectric constant reduces. This is 
because the composite film now consists mostly of a-C:F 
with some organosilicatc incorporation. A pure a-C:F film 
can have a dielectric constant as low as 2.3. The spectra of 
this film show s that indeed the C-F absorption intensity is 
more dominant than Si-O and Si-CH 3 bands. 

The change in the FTIR spectra at 950-1250 cm -1 range 
before and after SCC02 treatment of film 2 is shown in Fig. 
3. The SCC02 treatment of the film clearly decreases the 
intensity of the band especially in the higher wave number 
side corresponding to the C-F absorption band. Thus, we 
conclude that low molecular weight C-F bonds dissolved in 
SCC02. The dissolution of the C-F bonds is expected to 
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FIG. 3. Changes in the absorption intensity of 950-1250 band after SCC02 
pressurization. 

create molecular voids and/or nanopores in the matrix result- 
ing in the 10% - 14$ decrease in k. Furthermore, our studies 
establish that SCC02 treatment is a very effective process to 
reduce the dielectric constant of an organosilieate film. It is 
important to note that all the films contain significant percent 
of highly crosslinked a-C:F bands after SCC02 treatment 
and only low molecular weight C-F bands with low 
crosslink density are dissolved. 

We have presented a method that reduces the dielectric 
constant of PFCVD deposited composite films by post depo- 
sition supercritical COo pressurization. Low molecular 
weight species like CF or larger C0 2 -soluble species con- 
taining CF A . moieties can be extracted during the process. It 
is hypothesized that the extraction creates molecular or 
nanoscale porosity thereby reducing k. For example the k 
decreased from 2.87 to 2.48 with SCC02 extraction at 
200 °C. Thermal annealing in N 2 at 200 °C of the film depos- 
ited with the same conditions showed no change in k. 
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